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INTRODUCTION 
It has been shown in former papers  ~,2 that the penetration of  the 
weak base  ammonia and  the  strong base  guanidine into  the  large 
multinucleate cells of Valonia macrophysa Kiitz is probably preceded 
by a reversible chemical reaction between the base and one or more 
acidic  constituents  of  the  protoplasm.  The  question  now  arises 
whether the entrance of weak and strong acids also depends on anal- 
ogous reactions with basic constituents of the protoplasm. 
As in the case of bases it seemed possible to test this by determining 
the rate of entrance of the acid at the early part of the process when 
the internal concentration is still small as compared with the external 
concentration. 
As a representative of the weak acids hydrogen sulfide was selected. 
EXPE]~rM-ENTAL 
The  rate of entrance was studied in two ways.  In one series of experiments 
the concentration of the sulfide ion was kept constant and the external pH varied. 
In the other the pH was kept constant and the concentration of sulfide ion varied. 
The  concentration  of  hydrogen  sulfide  in  water,  according  to  some  recent 
work by Wright and Maass,  3 at 25°C. and a partial pressure of 755 mm., is 0.1010. 
Since sea water has an ionic strength of about 0.7 some slight salting out is to be 
expected.  Nevertheless  the  solubility of  the  gas  in  sea  water  is  sufficient  to 
permit the use in closed systems of H2S concentrations fairly high from the biologi- 
cal  viewpoint,  without  the  development of  dangerous  pressures or  the  loss of 
1 Osterhout,  W. J.  V.,  Proc. Nat. Acad.  Sc.,  1935,  9.1, 125. 
2 Jacques,  A.  G., Proc. Nat. Acad.  Sc.,  1935,  9.1, 488. 
a Wright, R.  H.,  and Maass, O.,  Canad. J.  Research, 1932,  6,  94. 
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too much gas.  In order to reduce the latter as much as possible and to keep it 
uniform, only enough sulfide-containing sea water for a  single determination was 
made  up  at one  time.  This  was  mixed with  the  least possible agitation in  a 
closed vessel and transferred at once to a bottle which it filled completely.  The 
cells for experiment were added at this point and  the bottle stoppered at once 
without gas space above the liquid.  To  produce uniform results it was found 
necessary to use ceils of fairly uniform size and to stir.  The  stirring apparatus 
described in a  previous paper  ~ was used. 
The pH was not determined in the sea water sample to which the cells were 
to be exposed as this would have involved delay and loss of gas.  Instead, for 
each determination parallel samples were prepared, one for pH and the other for 
cell exposure.  The pH was determined colorimetrically, using the Hellige double 
wedge colorimeter, the reading being referred to calibration curves as described 
in a  previous paper.  4  After the exposure of the cells, the pH of the sea water 
was again determined as a  check on the loss of gas.  If it had changed by more 
than 0.15 pH unit,  the run was rejected.  This seldom happened. 
At the outset it was our intention to use the pH determination to calculate 
the concentration of molecular hydrogen sulfide in the sea water from the known 
total sulfide concentration.  However, difficulties arose which reflected seriously 
on the validity of these calculations and it was found that the object of the work 
could be attained without  knowing the  true pH. 
After exposure the  cells were washed rapidly in a  stream of distilled water 
and dried with filter paper.  The sap was then extracted by the following tech- 
nique  which  reduces gas loss from  the sap to  a  minimum. 
Using a  1 ml. "tuberculin" syringe with a  fine needle, the cell was punctured 
and the sap was forced into the syringe, by squeezing the ceil, against the opposing 
pressure furnished by the friction of the piston against the barrel.  The sap of 
the first cell carried air from the needle into the syringe and this was expelled 
together with the sap by reversing the syringe and returning the piston to the 
"empty" position.  This left the syringe empty but with the needle full of sap, 
possibly slightly deficient in I-I2S, and sealed by a thin layer of liquid between the 
piston and barrel.  Any further sap forced into the syringe was thus forced into 
a  closed space without  gas  space.  The  sample  (usually 1  ml.)  was  measured 
directly in the syringe and at once introduced beneath the surface of a  known 
quantity of a standard iodine solution.  The excess of iodine was then determined 
by reducing it with standard thiosulfate solution in the presence of a starch indi- 
cator.  Thus  the amount  of iodine used to  oxidize the sulfide was known and 
from it the sulfide concentration of the sap was calculated. 
As  always,  the  question  of  injury remains  to  be  considered.  Observations 
by the eye and by feeling suggested that no injury had occurred where the expo- 
sure was less than 15  minutes.  Moreover the cells  not  extracted,  after  return 
4 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol.,  1931-32, 15, 537. A.  G.  ~'ACQUES  399 
to running sulfide-free sea water,  showed no greater mortality rate than control 
cells not exposed to sulfide.  When the exposure was for 2 hours, as in the deter- 
mination of equilibrium values, the unused  cells exposed to the highest  H~S con- 
centration after return  to  running sea  water  showed  a  slightly  lower  survival 
rate.  But those which did survive  appeared  to be uninjured  and had  no more 
sulfate  in the sap than the controls. 
EXPEI~  TME17TAL RESULTS 
The rates  of entrance of sulfide at  the  same total  external  sulfide 
concentration but at different pH (hereafter called Series 1)  are given 
TABLE  I 
Penetration  into  Valonia  of H2S from Sea Water at Various  pH and Constant 
Total  Sulfide  Concentration 
Series 1 
Apparent pH.,.  8,20  8.02  ]  7.70  7.30  [  7.04  Unknown* Unknown* 
Equivalent con-  I  I  centration at 
equilibrium..  0.0062  0.0122  0.0163  0.0246  0.0322  0.0475  0.0568 
Time  Equivalent concentration  of sulfide in the sap 
0.5 
1 
2 
3 
4 
5 
7 
10 
0.00118 
0.00056  0.00163 
0.00128  [ 0.00232 
0.00172  I 0.00336 
0.00195  0.00372 
0.00235  0.00442 
0.00272  0.00548 
0.00368  0.00368 
0.00231 
0.00387 
0.00465 
0.00585 
0.00672 
0.00785 
0.00919! 
0.0031~ 
0.0050", 
0.0071! 
0.0092( 
0.0112 
0.0139 
0.0164 
0.00246 
0.00403 
0.00690 
0.00890 
0.0106 
0.013S 
0.0177 
0.00623 
0.00934 
0.0131 
0.0159 
0.0188 
0.0227 
0.00690 
0.0126 
0.0175 
0.0196 
0.0220 
* Solutions slightly milky so that pH could not be determined. 
in Table I  and Fig.  1.  In this  case,  as  in  all  the other figures, the 
curves  are  drawn  free-hand  to  give  an  approximate  fit.  Where 
possible in the table,  the  "apparent"  pH is given, but  this,  as  indi- 
cated above, is  probably not significant.  The  "equilibrium  concen- 
tration"  is  much more important,  since,  as  will  be shown later, it is 
probably a  fairly accurate measure  of the  external concentration of 
molecular hydrogen sulfide. 
The  rates  of entrance  where  the  external  concentration  of sulfide 
was  varied (hereafter called Series 2) and the external pH kept constant 
are given in Table II and Fig. 2. 400  KINETICS  OF  PENETRATION.  XII 
The method by which the pH was adjusted requires some comment.  Through- 
out the experiment the same solution of 0.6 N sodium sulfide was used, and the 
same 0.6 ~  solution of hydrochloric acid was employed to adjust the pH,  and 
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FIa.  1.  Penetration of H2S  into  Valo~ia  from sea water containing varying 
concentrations of undissociated H~S,  brought  about  by  keeping  the  total  H~S 
constant and varying the pH  (Series 1). 
these were added to the sea water in the same proportions.  As is now generally 
believed,  the  buffer effect  of normal sea  water  depends  upon  the  presence of 
0.002 N NaHCOa and the dissolved CO2 which is in equilibrium with the CO~ of A.  G.  JACQUES  401 
the atmosphere.  It is not surprising, therefore, that its buffer capacity is low. 
In some recent measurements on sea water collected near Newport Mitchell and 
Rakestraw  5 found that by the addition of 0.75 cc. of  0.075 N HCI solution to 100 
ml. of sea water the pH was lowered from 8.2 to 7.0  The amount of acid corre- 
sponds to about 0.09  cc.  of 0.6 N HC1-.  The smallest amount of  0.6 N  HCI 
used by us per 100 ml. of sea water was 2.85 ml. which was the amount required 
to bring the pH of a  100 ml. sample of sea water 0.02  N with respect to sulfide 
between 7.0 to  7.1.  Clearly therefore even in this case  the amount of the acid 
used up by the ordinary buffer system of the sea water is only a fraction of that 
required by the new sulfide system added.  Over the range of sulfide concentra- 
tions studied by us it is the added sulfide system which controls the pH and hence 
as long as the ratio of total sulfide to added free acid remains unchanged the pH 
TABLE  II 
Penetration  into  Valonia  of HaS from Sea Water at  Various  Total Sulfide 
Concentrations and  Constant  pI1 
Series 2 
Equivalent concen-  [ 
tratlon in sea water 
Total S'. ..........  0.0200  0.0500  0.0750  0.100  0.150  0.200 
Time  Equivalent concentration  of sulfide in the sap 
~n. 
1 
2 
3 
4 
5 
Equilibrium  con- 
centration  ..... 
0.00090 
0.00143 
0.00186 
0.00226 
0.00258 
0.00625 
0.00216 
0.00350 
0.00467 
0.00548 
0.00677 
0.0160 
0.00320 
0.00537 
0.00746 
0.00883 
0.0115 
0.0250 
0.00403 
0.00698 
0.00890 
0.0106 
0.0135 
0.0322 
0.00617 
0.0106 
0.0136 
0.0161 
0.0210 
0.0468 
0.00851 
0.0149 
0.0182 
0.0228 
0.0282 
0.0640 
should remain constant.  The  apparent pH  did  indeed remain approximately 
constant, varying from 7.0 to 7.L  It should be noted that at pH 7.0 the second 
dissociation of H~S is negligible since pK2  --- about 15. 
The uncertainty with respect to the proportio  n of molecular hydrogen sulfide 
to ionized sulfide is not quite so great in the case of the sap as in the sea water. 
In the  first place,  apparently no polysulfide (which gives the  solution a  faint 
yellow color) finds its way into the sap and no precipitate of sulfur occurs there 
even when the total sulfide concentration is comparatively high and the pH is far 
below 6.5.  The uncertainty with respect to  the dissociation constant persists, 
but by analogy with H,CO3 it is permissible to guess the extent of the change of 
pKz as the ionic strength increases from 0 to 0.61.  According to D. A. MacInnes 
5 Mitchell, P.  H.,  and Rakestraw,  N.  W., Biol.  Bull.,  1933,  84,  437. 0"0301 
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FIG. 2.  Penetration of Hg_S into  Valonia from sea water containing varying 
concentrations of undissoclated H~S, brought about by keeping the pH constant 
(7.0-7.1)  and varying the total sulfide concentration (Series 2). 
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and T.  Shedlovsky  s the limiting  value  for the first dissociation  constant of car- 
bonic acid, pK1, may be taken as 6.395 at 20°C.  They find that this value fits 
in well with the recent  values  determined  by Giintelberg  and SchiSdt  7 for pK~ 
at various concentrations  of KC1.  By interpolating  from the curve of Gtintelberg 
and SchiSdt we obtain for pK~ at 0.61 N KC1, 6.020, a  shift  of  -0.375 unit? 
The pK1 value of H2S is not well known.  According to Walker  and  Cormack 9 
at 18°C. in 0.008 molar solution (ionic strength 0.032) pK~ is 7.245; and according 
to Auerbach 1° under nearly the same conditions,  7.039.  Since  these are in rela- 
tively dilute  solutions  they may be provisionally  taken as the limiting values at 
zero ionic strength.  For present  purposes  the average  7.142 is taken,  pK~ at 
0.61 ionic strength in KC1, which approximates  that of the sap, is now  obtained 
by assuming that the correction applied  to H~CO3 may be applied  here, whence 
pKl'  =  7.142  -  0.375  =  6.767. 
Using this value rounded to 6.77 and the pH determination in the sap, Table 
III has been obtained,  which shows the pH change in sap on exposure of the cells 
to sulfide sea water for the most dilute and most concentrated solutions in Series 2. 
These  results  indicate  that as H~S penetrated the cell the pH in the sap de- 
creased very rapidly to the point where the sulfide was practically  all present  as 
undissociated  hydrogen sulfide. 
DISCUSSION OF  RESULTS 
In the case of ammonia it is possible to calculate the concentration 
of molecular NH3 in the sea water from the total concentration and the 
pH.  In  the  present  case,  as  pointed  out  above,  owing  to  the  un- 
certainty of the pH measurements this cannot be done.  Fortunately, 
however, we can determine these values directly, since it seems clear 
that they are identical with the equilibrium concentrations. 
In a  former paper,  Osterhout  n  has shown that at equilibrium  TM the 
s Private communication. 
Giintelberg,  E., and SchiSdt, E., Z. physik.  Chem., 1928, 135, 393. 
s It is worth while noting that if the value  for pK~ given by Kendall,  which 
has hitherto been regarded  as correct,  v/z. 6.493, is taken the correction  to ionic 
strength of 0.71 (that of sea water)  would be about 0.48 unit.  This is in good 
agreement with the findings of Buch and his coworkers (Buch, K., Harvey, H: W., 
and Wattenberg, H., Naturwissenschaflen, 1931, 19, 773) that the decrease in the 
pK'I value of H2CO3 in sea water is about 0.5 pH unit, pKz being taken as 6.472. 
9  Walker,  J., and Cormack, W., J. Chem. Soc., 1900, 77, 5. 
10 Auerbach, F., Z. physik. Chem., 1904, 69, 217. 
u Osterhout,  W. J. V., J. Gen. Physiol., 1925, 8, 131." 
z20sterhout found that it required  about 1 hour to  establish  equilibrium,  and 
his measurements  were made after 2 hours.  Our cells behaved similarly and we 
also allowed them to run 2 hours. 404  KINETICS  OF  PENETRATION.  XII 
concentration of molecular hydrogen sulfide in the sea water is equal 
to the total sulfide in the sap.  But, as Table III indicates, the rate of 
fall of pH in the sap was such that at the end of 5 minutes,  even in the 
most  dilute  solution  studied,  it  had  fallen  to  the  point  where prac- 
tically all the sulfide must have been present in the undissociated form. 
We may modify the above statement therefore to read that at equilib- 
rium  the  concentration  of  molecular  hydrogen  sulfide  in  the  sea 
water  is  equal  to  the  concentration  of  molecular  hydrogen  sulfide 
in the  sap.  This means that  from the lowest to  the highest concen- 
trations of total sulfide in the sea water studied,  the equilibrium con- 
centration is a true measure of the concentration of molecular hydrogen 
sulfide in the sea water33 
TABLE III 
Change in the pH of the Sap of Valonia  with Entrance of H~S 
External sulfide con- 
centration .........  0,02 N  0.2 N 
Time 
m/n. 
0 
½ 
1 
3 
5 
pH of sap 
6.06 
5.77 
5.71 
5.42 
5.30 
Molecular H2S 
in sap  pH of sap 
6.10 
5.34 
5.04 
p~CS~ 
84 
91 
92 
96 
97 
Molecular H~S 
in sap 
~er 6ent 
83 
96 
98 
In Fig. 3 we have plotted the results of Series 1 to show the increase 
in  the  total  sulfide of the  sap in  1,  2,  3,  4,  and  5  minutes with  the 
13 It is interesting to consider  what would happen if the association of sulfide 
to molecular H~S in the sap were not substantially complete over the range studied 
by us.  The equilibrium concentration which  is actually an analytical determi- 
nation of the total sulfide  in the sap would  no longer be a  true measure of the 
external  concentration  of molecular H~S at  every concentration.  It would  in 
fact be too high at the lower concentrations, the errors gradually becoming less 
as the sulfide content outside increased  until a  concentration would  be reached 
where the two values would be identical.  Any plot of rate as ordinates against 
uncorrected equilibrium concentrations would necessarily  have too little concave 
curvature.  And if the  "equilibrium values" were  corrected to give concentra- 
tions of free H2S, the curve would be concave to the  x-axis.  Fortunately  such 
conditions do not apply in the case of H2S. A.  G.  ~ACQUES  405 
increase in the equilibrium concentration which is, as we have pointed 
out  above,  a  measure  of the  molecular hydrogen sulfide  in  the  sea 
water.  Provisionally the ordinates which are concentrations may be 
considered as "rates," in the sense that they give the amount of sulfide 
0020 
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FIG. 3.  Rates of entrance of H2S into Valonia at periods from 1 to 5 minutes 
at  various external concentrations of undissociated  HaS.  Plain  symbols  refer 
to  Series 1 and crossed symbols to Series 2. 
entering the sap when the time units are 1 to 5 minutes.  The momen- 
d(H2S),  cannot be obtained  easily since  the  form of the  tary  rates,  dt 
rate curves is not known. 406  KINETICS  O1  ~  PENETRATION.  XI.I 
It is seen that the "rate of increase" of sulfide in the sap is directly 
proportional to the concentration of molecular H~S in the sea water 
over the range from 1 to 5 minutes, since the curves of Fig. 3 are clearly 
linear and pass through the origin.  This behavior differs from that of 
ammonia or guanidine where the rate is not a  linear function of the 
concentration of free ammonia or guanidine in the sea water.  1 
In the case of ammonia, as Osterhout has shown, the form of the 
rate  curve,  x  against  (NH3)o, can  be  derived from the  relationship 
(NH3)o(HXb  -  NH4Xe)  --  K(NI-I4X~), which is the expression for the 
equilibrium of the reversible reaction NH3  +  HX  ~  NH4X.  The 
subscripts o, b, and e refer respectively to the outside solution, and the 
beginning and the end of the reversible  reaction, and x  is the total 
ammonia concentration in the sap; i.e.,  ionized and unionized. 
The equation gives only the relationship between the concentration 
of NH4X, and  (NH3)o.  But since the rate x  is assumed to be pro- 
portional to NH4X, we can substitute for NH4Xe,  k~x in the equation, 
thus 
Putting 
(NH~)o(HXb -  klx)  =  kklx 
(N~) oI-IXb 
kkl =  ~,  x  - 
k~ +  k1(NI"I3)o 
~x  k2I-IXb  * 
~(N~,)o  k2 + kI(NH,)o 
• k and HXb may be regarded as constants for any one collection of ceils of 
the same size since these will have roughly the same permeability, and the same 
concentration of RX in the protoplasmic surfaces.  But for different collections 
made at different times and kept under different conditions they may be quite 
different. 
In the case of H~S, however, x  =  k'a by experiment, where a is the 
external concentration of molecular H~S and x is the value of H2S +  S- 
(~x)  --  k',  signifies  Superfi-  in the sap, and hence  ~a  ,  where  time. 
cially therefore it would seem that the modes of entrance for ammonia 
and H2S are  different. 
But the question may be raised whether the  H2S curves really are 
linear.  It might be supposed, for example, that if the external con- A.  G.  ~ACQIYES  407 
centration of molecular H,S were calculated  from the pH a  different 
set of curves would be obtained.  Actually this turns out  to be the 
case if we use the apparent pH values (Series 1) to calculate the con- 
centration  of  molecular  H,S.  In  this  case  curves  concave  to  the 
x-axis are obtained.  However, the pH values are so unreliable that 
no  results  calculated  from  them  can  be  regarded  as  trustworthy. 
Fortunately the linear relationship for the H2S curves is supported by 
the data of Series 2 where it is unnecessary to know the equilibrium 
concentration, since the sulfide sea waters were prepared in such a way 
as to make the pH constant while the total sulfide concentration was 
varied.  Under  these  conditions  the  concentration  of molecular hy- 
drogen sulfide in the external solution must be directly proportional 
to the total sulfide concentration,  so that if we plot the rates against 
the total sulfide concentration  it would give the same form of curve, 
though  with a  different slope as the plot of rates  against  molecular 
H2S.  Such a plot is given in Fig. 4.  As before, there is no question 
that  the five curves obtained are linear. 
It may be noted that the apparent pH in this series varied from 7.0 
to 7.1.  This must be regarded as reasonably constant for this type of 
experiment, but in reality it is a fairly large deviation.  It is not sur- 
prising therefore that some of the points of the plot do not lie closely 
on the curves.  But the absence of a  systematic drift from the linear 
relationship  is perfectly clear.  As a  further test of the linear curves 
of Series  1  (Fig.  3)  the equilibrium  concentrations  for Series 2 were 
also obtained and the rates against these values have been plotted in 
Fig.  3 where they are distinguished as crossed  symbols, thus  ~,  ~>, 
etc.  It will be observed that they fit smoothly onto the curves derived 
from Series 1. 
An interesting deduction from a  comparison of the two series leads 
to the conclusion that ionic entry plays no part in the process. 
Comparing  the second column of Table I  with the second column 
of Table II we find that the rates and equilibrium concentrations were 
about equal.  Yet in the first case the total sulfide was 0.1 N and  the 
ionic sulfide therefore 0.1 N -- 0.0062 N =  0.0938 N, while in the second 
case since the total sulfide was 0.02 ~  the ionic sulfide was 0.02 N  -- 
0.00625 N ---- 0.01375 N.  The rate is therefore unaffected by an almost 
sevenfold increase in the concentration  of ionic sulfide. 408  KINETICS  OF  PENETRATION.  XII 
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FIG. 4. Rates of entrance of HaS into Valonia at periods from I to S minutes 
at various external total  sulfide  (H~S +  S-) concentrations,  pH constant (7.0 - 
7.1). A. G.  ~ACQIYES  409 
The fact that H,S curves are clearly linear and the ammonia curve 
clearly not, suggests that the mode of entrance is different. 
However,  the  two cases  are not strictly analogous, because  in  the  ammonia 
case,  at the pH of the sap,  a  large proportion of the ammonia that  enters  is 
transformed to  ammonium ion.  It is true that the entrance of  ammonia raises 
the  pH.  According to  the results of  Cooper and Osterhout,  14 during the first 
few  minutes of penetration from sea water 0.005  N with respect to  NH4CI, it 
may rise from the normal value of  5.8-6.0 to  7.2.  For  ammonia,  according 
to Noyes, Kato, and Sosman  15 pK~ at 25°C.  is 4.72.  To get pK~  in the sap  (a 
solution of 0.61 ionic strength the chief salt of which is KC1) we  assume the same 
correction as was applied in the case of pK1 of H~CO3, v/z. 0.38.  pK~ is therefore 
4.72  -  0.38  =  4.34.  Since at 25  ° C. the limiting value of K~ =  14.00, pK',b = 
9.66. le  At pH  --- 7.2 therefore a  =  99.7 per cent and the undissociated fraction 
is negligible.  Hence the back diffusion due to  the formation of NH,X at  the 
interface between the sap and the protoplasm must be very small. 
In the case of H2S, as Table III shows, the pH of the sap falls off so 
rapidly that practically all the sulfide is present in the unionized form, 
hence  the  effect  of  this  back  pressure  on  N  (HAS)° and  on 
~(I-I~S)o  t must be taken into account. 
Let us consider the general case of the penetration of a  weak acid or base. 
Let  us assume that only molecules penetrate the non-aqueous surface layer of 
the protoplasm where they react to form a  salt which passes through this layer 
and that in consequence the rate of passage through the protoplasm is propor- 
tional to the concentration of this salt.  For the rate we can write 
dx  • 
--  =  k'(yo  -  y,) 
dC 
where x is the total acid or base in the sap (ionized and unionized), y is the con- 
centration of the salt formed at the interfaces, and o and i  refer to the external 
and internal interfaces respectively. 
14 Cooper, W. C., Jr., and Osterhout, W. J. V., J. Gen.  Physlol.~  1930-31, 14, 
117. 
Noyes, A. A., Kato, Y., and Sosman, R. B., Z. physik.  Chem.,  1910, 78,  1. 
18 Note that 14.00 is the value K~ =  (OH) (H), i.e. that it is in terms of activities. 
The value here used is a recent one by Harned and Hawes (Harned, H. S., and 
Hawes, W. J., J. Am.  Chem. Sot.,  1933, 55~ 2194). 410  KINETICS  OF  PENETRATION.  XII 
According to the principles which Osterhout has applied to the ammonia case, 
for the layer of the protoplasm in contact with the external solution 
a(Co -- yo)  =  kzyo 
and for the layer of protoplasm in contact with  the sap 
(1  -  ~,)x(c,  -  y,)  =  k,y~) 
where c is the concentration of base or acid in the protoplasm which reacts with 
the acid or base the entrance of which is being studied, a  is the degree of dis- 
sociation, and a is the concentration of undissociated molecules of the penetrating 
acid or base which determines the reaction in the surface layer of the protoplasm. 
Hence 
k~ +  ao 
and 
and 
(1  --  a)x c¢ 
Yl  k~ +  (1  -  a)x 
-; = K[,g¥o  k, +.-.)x/ 
For the case of ammonia the last term drops out because 1 -  a is zero or practically 
SO. 
For other cases under the conditions that (1  -  a), co and c~  .7 remain constant 
the above expression can be integrated for a constant value of a to give the rela- 
tionship between t and x?  s 
1~ In the case of H2S, for example,  (1  -  ~)  becomes almost at once nearly 
unity because of the decrease in the internal pH.  co and cl may also be regarded 
as constant and equal to each other in the thin unstirred layers in which the re- 
action occurs. 
is The steps in integration are as follows.  Collect constants, to get. 
a7 =A  i 
KaCo  K(1 -- a)c~  (1 -- a) 
A=k~+-,~  B=  k~  '  C= 
k----~ 
in which 
Then 
dx  A  +  ACX--  BX  A  +  B'X 
dt  1 +  CX  1 +  CX 
(Footnote  continued on following page) A.  O.  JACQUES  411 
'  F  ] 
'=  { ~,;'~_  l°gLk,+o  \k,+,] -B  c \k~ + ,q  B 
+ (c  Ko.o  Lk~ +.  £¥-.  \  ks+a-B) ' 
__  1  C  F ~°~- 
c(~2  B)'°ga-(c  K..:-  _  '~ Lk,+a  \k~+a  -  \  h+a  B  l' 
K~oo ] 
-- kK~"a log k3 4- aj 
(Footnote 18 continued from preceding  page) 
where AC -  B  =  B', or 
dt  1 +  CX  dx  cxdx 
dx  A  4- B'X '  A  4- B'X 4- A  4- B'X 
f  f 
dt  =  A  4-  A  4- B'X 4- I 
or 
1  C 
t  F'  log  (A + B'X)  + ~  {* + B'X - A log  (A + B'X)I  + * 
i  CA 
when t -- 0, x =  O, hence I -- --~31°gA -- ~  (A -- log  A) when 
1  C  A  t =~-31og(A+BOX+~[  +B'X--AIog(A+B'X)] 
-- B---  ~ log A  --  (A  -  A  log A) 
Substituting in the expression for B' we get 
1  C 
t  =  ~  log  [.4  +  (ac  -  B)X]  +  --  [,4  +  (AC --  B)X  - 
AC -- B  (AC  -- B)  ~ 
C  C 
A log  (A 4- (AC -- B)X)]  --  log  A  --  (A -- A  log  A) 
AC-- B  (AC-- B)* 
Substituting  for A, which contains a, we get the expression above. 412  KINETICS  O~"  PENETRATION.  XII 
(1  --  o0  K(1  --  a)Cl  19 
In this expression C --  and B  -- 
k~  k3 
This shows that if a  (p. 406) is the external concentration of molec- 
ular  H2S and x  is the value of H2S  +  S = inside,  the value of  ~  t 
is  not  constant  when  the  method  of  entrance  involves  reversible 
chemical reactions between H2S and a  constituent of the protoplasm. 
Suppose,  however,  the  acid or base enters  by diffusing in  the  non- 
aqueous  layers  of  the  protoplasm  in  undissociated  form.  We can 
apply to this case the ideas already developed by Osterhout  ~° and by 
Longsworth  ~1  for  cell  models  with  the  guaiacol-p-cresol  mixture  as. 
the non-aqueous  phase. 
Then we can write 
dx 
--  ,-~  (yo  -  y,)  dt 
where y is the concentration of the diffusing molecules in the thin unstirred layer 
immediately in contact with the sap and the external solution respectively; 
yo =  Soa  and  y~ =  S~(1 -- a)x 
where S  is the partition coefficient  of the molecule between water and the non- 
aqueous protoplasm.  Whence 
dx 
=  k4[Soa -- S~(1 -  a)x] 
dt 
When 1  -  a is constant the expression can be integrated with a constant to give 
f  f 
dt  =  k4  Soa  --  S~(1 --  a)x 
or 
t  = 
&(1 -a)k4 
log [Soa--Sg(1  --a)x]  +I 
The derivative (bx'~ could, of course, be obtained and the values of B  and  19' 
C substituted.  This would serve no useful purpose, however, and will be omitted. 
20 Osterhout, W. J. V.,  J.  Gen. Physiol.,  1932-33,  16, 529. 
~ILongsworth, L.  G., J.  Gen.  Physiol.,  1933-34,  17,  211. A.  G.  JACQUES  413 
1 
and evaluating I  and  putting SI(1 -- a)k4 -- k5 
1  Soa 
t =  ~Iog Soa  --  S,(1 -- a)x 
or 
x  =  --  (1  -  e-*, ') 
S,(1  -  a) 
And if So  =  Si,  ~  as may well be the case, and 1 -- a  =  1, as seems to be the 
case with H2S, the integral becomes 
tk, ffi log -- 
So  as x =  a(1  -- e-ht), where k6 =  ~. 
In both cases 
aBx 
constant 
Thus this mode of entrance leads to the relationship actually found, that x ,~ a. 
This shows  that when H2S penetrates  the  protoplasmic surface in 
molecular form we shall get  such linear  curves as are found in Figs. 
3  and 4. 
The question may therefore be raised whether the entrance of H2S 
follows the exponential law.  To decide this question  the constant k 
has been calculated for Series I  and II, according to the  relationship 
1  a 
kffi2.3-1og-- 
t  a--x 
and the results have been plotted in Fig. 5 a.  Examination of the plot 
shows that k is not constant but that it falls off from a  mean value of 
about  0.150  at  the  start  to  about 0.90  at  the  end  of  10  minutes. 
It  appears  therefore  that  the  entrance of  H~S  does  not  follow  the 
simple  "monomolecular"  course.  However,  if  we  plot  the  average 
"constants"  up  to  5  minutes  against  the  equilibrium  concentration 
~' Since Hg.S is a very weak electrolyte in aqueous solution it may be inferred 
that it will be still weaker in the non-aqueous layer of the protoplasm, and that 
there will be a constant ratio of molecular H~S in the aqueous phase to molecular 
H2S in the non-aqueous phase.  This is called  S. 414  KINETICS  O~'  PENETRATION.  XII 
we obtain Fig. 5 b.  This shows that the average "constant" is reason- 
ably independent of the equilibrium concentration of H,S in the sea 
water (which corresponds to a in the above equation).  This, of course, 
is a  characteristic of the monomolecular rate.  It appears therefore 
that we may be  dealing with  such a  process,  but  with  interfering 
¢~16  F.~ufl.ibeium ( once~teation 
o  --  0~062 
• 0.14  --  4,.  i÷  --  0.0163 
~  I  A  --  0.0"~6 
•  "~  v  --  0.0322 
o 
>"  ~  ~e --  0.0~8 
,, 
2  ,~-  o.015o 
o  a  o  ,~eeie~, I  ~  --  0.0250 
O  -  0.04~ 
x  ~  I  J  ~-  o,oe4o 
~Itnute~ 
FIQ.  5a.  Change  in  the  monomolecular velocity constant  of  H~S  entrance 
with  time.  Constant  calculated  from  the formula  k  =  2.3  -  1  log  ~  where  a  --  x' 
a  is the external concentration of molecular H~S and x is the total sulfide (HsS 
-}- S-) in the sap. 
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l~o. 5 b.  Plot of the "average" velocity constant from 1 to 5 minutes for each 
"equilibrium" concentration of H2S,  the latter being regarded as equivalent to 
the concentration of molecular H~S in the external solution. 
factors  which  tend  to  make  the  calculation  of  the  constant  too  high 
in  the  early  part  of  the  runs. 
Referring back to p. 413, we find that the full expression for the relationship 
between x and a, taking both degree of dissociation and partition coefficients into 
account, is A.  G.  JACQUES  415 
or 
SoCt 
S,(I  -  a) 
Soo,  kd  ffi  log 
Soa -  Si(1 -  a)x 
It will be clear that if 1 -  a is not unity, x is not a true measure of the internal 
concentration of molecular I-IzS.  The pH, however, is decreasing with  time and 
hence 1  -  a  if it changes at all is increasing with time, i.e.  the term a  cal- 
a--X 
culated on the basis of 1 -  a  =  1 is too high at the start, but with the discrepancy 
decreasing until (1  -  a)  does actually become unity.  Such an adjustment of 
the value of this term would tend to decrease the early values of k but not the latter 
ones.  However, it is inconceivable that (1  -  a) will be constant for a constant 
value of t, no matter what the value of a.  ~  But if it alters with a the relationship 
/  \ 
content  nnot , e 
\oa/  t 
If, however, So  ~  S~ so that the simplified form 
k -- 1 log  a 
t  a--x 
a 
does not apply, the value of the term  --  will be changed. 
a,  mx 
To illustrate how this might affect the value of k let us consider a case  where 
the external concentration of molecular I-I~S is 0.010 normal and the ratio of  S, 
+  So is 1.0  +  0.75.  For this case  arbitrary values have been given to x  from 
0.001 to 0.005,  and the corresponding values of t have been calculated from  the 
formula 
1  S,a 
k -- 2.3 ~ log S,a ---- -Six. 
For the first value of x, t is taken as 1 minute which fixes the value of k.  Thus 
the calculations for the case have been idealized to make k constant. 
This is compared with the value of k obtained for the case where S, is taken 
as equal to St, and k has been calculated from the formula 
1  a 
-  log  a  k-- 2"3t  --x 
the value of t being derived from the ideal case.  The results have been collected 
in Table IV. 
Unless indeed it is unity for all values of a and t, which seems to be approxi- 
mately the case of H2S in the concentration range studied by us. 416  KINETICS  OF  PENETRATION.  XII 
This shows that failure to take into account the difference between 
So and S~ (the external partition coefficient So and the internal &) can 
yield a  constant which is decreasing with time in a  process which is 
nevertheless  essentially  monomolecular.  And  since  So  and  S~  are 
not changing  with time 
(b~a) = c°nstant  t 
Moreover it will be clear that k is independent of a  as is required by 
the monomolecular relationship. 
However, in these experiments it may be argued that the difference 
of the  "partition  coefficients" cannot  be the  cause of the fall of the 
TABLE  IV 
Velocity Constants  of H2S Penetration for Ideal and Non-Ideal  Cases 
a  =  0.010 
0.001 
0.002 
0.003 
0.004 
0.005 
Soa 
0.0075 
0.0075 
0.0075 
0.0075 
0.0075 
Ideal case 
log 
Soa --  Soa  J  Six 
Sos -  S,~ 
0.0065  0.06215  1.000 
0.0055  0.13470  2.167 
0.0045  0.22185  3.569 
0.0035  0.33099  5.326 
0.0025  0.47712  7.677 
I  k 
0.143 
0.143 
0.143 
0.143 
0.143 
Non-ideal case 
0.010 
0.010 
0.010 
0.010 
0.010 
0.009 
0.008 
0.007 
0.006 
0.005 
loga~-  x 
0.04576 
0.09691 
0.15490 
0.22185 
0.30103 
0.105 
0.103 
0.099~ 
0.095~ 
0.090~ 
constants because a  was actually measured as x at equilibrium when 
according to the above formulation 
S~x = Soa 
and since in the adjusted constant of Table IV S~ was taken as unity 
the value actually measured was Soa.  Hence in the calculations from 
the actual experiments, Fig. 5 a, k should have been constant. 
It may be supposed also that St  <  So so that if So is taken as unity 
S~x would be less than x.  Following the same procedure in using this 
adjustment  we  find  that  its  omission  would  cause  the  constant  to 
increase with time, the opposite of the observed effect. 
There  may be  other  factors  than  the  partition  coefficients which 
should be taken into account. A.  G.  JACQUES  417 
Thus the constant k4 in the simplest case, where So  =  S~, is a combination of 
several  factors,  including  the  diffusion  constants  in  the  unstirred  layers,  the 
thickness  of the layers,  and  the areas  of the  interfaces,  u  It is  scarcely likely 
that the slight difference in area between the internal and external layers in the 
same cell can have any effect, but it is entirely possible that the diffusion con- 
stants or the thicknesses or possibly both may be different.  Just how these will 
affect the rate is not known.  However, for the case of dried collodion, Northrop  ~ 
has shown that 
dx_ = DA__ (Soa -  &x) 
dt  k 
where D  is the diffusion constant in the collodion, A  is the area of the interface, 
and h is the thickness.  Applying this equation to each of the unstirred  layers 
we get for the entrance of H2S 
dx  DoSoAoa  D~&A~(1  -- a)x 
dt  ho  In 
This can, of course, be integrated as before if we assume that all the terms are 
constant but t and x, to give the usual monomolecular formula.  And although 
we do not know the values of any of the constants, as was shown in Table IV, 
an overall value can be given which will correct the drift in the value of k. 
There  remains,  however,  the  possibility  that  the  drift  in  k  is  due 
to differences in the permeability of the protoplasm and of the cellulose 
wall.  This possibility is strengthened by the fact that in some experi- 
ments of the penetration  of CO2 into dead cells of approximately  the 
same  size  and  shape, 26 where  the  method  of entrance  is  almost  cer- 
tainly by diffusion, the value of k also fell off with t. 
0sterhout, W. J. V., J. Gen. Physiol.,  1932-33, 16, 529, footnote 31.  Cor- 
responding  to  the  stirred  non-aqueous liquid  between  the  unstirred  layers we 
have in the case of Valonia a  region between the sap and the external solution 
interfaces where there is probably some stirring due to protoplasmic movements. 
The rate of this stirring will, as in the case of the model, affect the rate of entrance, 
but we may assume that it will be about the same for all cells under the same 
conditions. 
Northrop,  J.  H.,  J.  Gen.  Physiol.,  1928-29,  12,  435.  The  terms  used  by 
Northrop have been translated  by us to the terms used in this paper. 
Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13, 695. 418  KINETICS  OF  PElqETRATION.  XlI 
SUMMARY 
The rate of entrance of H2S into cells of Valonia macrophysa has 
been studied and it has been shown that at any given time up to 5 
minutes the rate of entrance of total sulfide (H~S +  S-) into the sap 
is proportional to the concentration of molecular H~S in the external 
solution. 
This is in marked contrast with the entrance of ammonia, where 
Osterhout  has  shown  that  the  rate  of  entrance of  total  ammonia 
(NH3 +  NH4 +) does not increase in a linear way with the increase in 
the external concentration of NHs,  but falls  off.  The  strong  base 
guanidine also acts thus. 
It has been shown that the rate of entrance of H2S is best explained 
by assuming that it enters by diffusion of molecular H2S through the 
non-aqueous protoplasmic surface. 
It has been pointed out that the simple diffusion requires that the 
rate of entrance might be expected to be monomolecular.  Possible 
causes of the failure of H2S to follow this relationship have been dis- 
cussed. 